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CHAPTER 1. INTRODUCTION 
Deployment of transgenic crops expressing insecticidal crystal (Cry) proteins derived 
from the bacterium Bacillus thuringiensis (Bt) has effectively managed insect pest 
populations while reducing negative environmental impacts of chemical insecticides (Barton 
et al. 1987, Vaeck et al. 1987, James 2011).  Over the past decade, extensive use of Bt crops 
and season-long high expression of toxin has caused great concern that Bt resistance may 
develop in target pests (Gould 1998).  This is substantiated by the development of Bt-
resistant colonies in the laboratory (Tabashnik et al. 1990, Tabashnik et al. 2008, Gassmann 
et al. 2009, Bolin et al. 1999, Crespo et al. 2009, Huang et al. 1999, Pereira et al. 2008), and 
the discovery of Bt-resistant insects in the field (Gassmann et al. 2009, Tabashnik et al. 1990, 
Tabashnik et al. 2008).  Many insect resistance management (IRM) strategies have been 
considered, but the high-dose refuge (HDR) strategy has been widely recommended by 
regulatory, academic and industry scientists.  To ensure that HDR is an effective strategy for 
IRM, a thorough understanding of insect behavior is required.  Certain aspects of insect 
behavior, such as dispersal, have the potential to limit the effectiveness of HDR.  We 
investigated the genetic underpinnings of European corn borer (Ostrinia nubilalis Hübner 
Lepidoptera: Crambidae) dispersal behavior by conducting artificial selection in a laboratory 
setting.  
As the name implies, the HDR strategy pairs high dose of toxin by plants with a 
refuge that serves as a reservoir for susceptible insects.   One assumption of this strategy is 
that rare homozygous resistant individuals mate with the more numerous susceptible 
individuals and produce heterozygous progeny.  The high dosage of the Bt crops, typically 
2 
 
quantified as 25 times the concentration needed to kill susceptible insects (USEPA 1998, 
ILSI 1998, Gould 1998, Andow and Hutchison 1998), makes resistance functionally 
recessive and, keeps resistance alleles frequency low (Tabashnik and Croft 1982; Gould 
1998).  The refuge plant is usually a non-Bt variety that is agronomically similar to the Bt 
plant. Several methods for deploying the non-Bt refuge plants include blocking (distinctive 
blocks of Bt and non-Bt plants), strips (alternating rows of Bt and non-Bt plants), and mixed 
seed (random placement of non-Bt plants).  Despite the advantages of using this management 
strategy as opposed to a pure stand of transgenic crops, potential problems may occur.  
Resistant individuals can arise in the non-transgenic refuge and consequently avoid exposure 
to high-dose Bt.  Continued survival of these individuals leads to an increase in the resistance 
allele frequency, which undermines the long-term use of the high-dose refuge strategy.   
The effectiveness of HDR relies on several assumptions, which may be violated in 
certain circumstances; these included random mating, low initial R allele frequency, and 
recessive resistance.  Non-random mating could occur if resistant insects have delayed 
development and mate with each other, or if resistant males are attracted to a mating 
pheromone produced by resistant females that is different from that of susceptible insects, as 
could be the case when different ecotypes occur in the same area.  In either case, when the 
resistant individuals preferentially mate with each other they produce homozygous progeny, 
despite the presence of susceptible individuals.  Delayed development associated with 
resistance (Gassmann et al. 2009) and multiple pheromone ecotypes exist in some insect 
pests (Brindley et al. 1975), which makes non-random mating a concern.  An additional 
violation of HDR could occur if the initial R allele frequency is high.  In this case, the large 
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susceptible pool may be insufficient to prevent resistant individuals from mating and 
producing homozygous resistant progeny.  In cases when the resistance trait is dominant is 
particularly problematic, this could be detrimental since it is irrelevant if the R allele 
individuals are homozygous or heterozygous, they still survive exposure to Bt.  In this 
instance the susceptible pool is ineffective at delaying resistance.  Despite these possible 
violations current research suggests that when the resistant trait is recessive and the refuge 
abundant, a refuge strategy can delay field-evolved resistance (Tabashnik et al. 2009).  
To ensure that the benefits of transgenic plants are preserved it is critical that there is 
a thorough understanding of insect pest ecology, behavior, life history, and genetics.  The 
European corn borer, Ostrinia nubilalis is an important pest of maize (Zea mays) that 
decreases yield, resulting in significant economic losses (Calvin 1985).  First reported in the 
U.S.A. in Massachusetts in 1917, from infested broom maize imports, the European corn 
borer has since migrated westward to the Rocky Mountains.  Currently this insect pest is 
effectively managed with Bt plants throughout most of the U.S. Corn Belt (Hurley et al. 
2002; USDA NASS 2011).  Hutchison et al. (2010) determined that suppression of O. 
nubilalis is associated with Bt use, resulting in a cumulative monetary benefit of $3.2 billion 
in Illinois, Minnesota, and Wisconsin; and a cumulative benefit of $3.6 billion in Iowa and 
Nebraska, with a significant portion benefiting non-Bt growers.  Resistance in the field has 
not been documented for this species, but concern for resistance is still present because lab 
strains have been developed with resistance to commonly used Bt toxins, Cry1Ab, Cry1Ac, 
and Cry1F.  Additionally there has been documentation of Bt crop resistance in the field for 
Helicoverpa zea (Lepidoptera: Noctuidae) to Cry 1Ac cotton (Tabashnik et al. 2008), 
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Spodoptera frugiperda (Lepidoptera: Nocutidae) to Cry 1F maize (Gassmann et al. 2009, 
Storer et al. 2010), Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) to Cry3Bb1 
(Gassmann et al. 2011) and Brusseola fusca (Lepidoptera: Nocutidae) to Cry1Ab maize in 
South Africa (Van Rensburg 2007). 
Research has focused primarily on the aspects of physiological resistance, such as 
modifications of Bt targeted midgut receptors (Ferré and Van Rie 2002; Ferré et al. 2008), 
but few studies have considered the importance of pest movement as a possible influence on 
resistance evolution within a transgenic maize system.  O. nubilalis neonates are capable of 
dispersing from their initial host plant through suspension from a strand of silk, either 
lowering themselves to a nearby plant directly or being carried aloft by the wind.  Using this 
behavior, also known as ballooning, O. nubilalis neonates are capable of extensive inter-plant 
movement soon after hatching (Ross and Ostlie 1990).  This has potential implications for 
IRM as movement of neonates could influence survival in a transgenic landscape (Gould 
2000).  Two important facts regarding this concern are that O. nubilalis neonates are capable 
of ingesting and recovering from a sublethal dose of Bt toxin and can detect its presence 
within 1 hr of exposure (Davis and Coleman 1997). The presence of Bt insectididal toxins 
also influences O. nubilalis neonate movement, abandoning Bt plants 1.78 times more 
frequently than those on non-Bt plants (Goldstein et al. 2010).  This detection and deterrence 
may have relatively little impact in blocks of Bt, as the interface between transgenic and non-
transgenic plants is quite small (limited to the border of the two blocks or completely absent 
in cases where they are planted in different fields).  However, detection and deterrence could 
largely impact a refuge distributed as a seed mixture, where the interaction between the 
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transgenic and non-transgenic plants is very high because non-Bt refuge plants are 
surrounded by Bt plants.  These factors regarding O. nubilalis behavior indicate that seed 
mixtures would result in faster resistance evolution due to neonate dispersal.  As neonates 
move within the maize field due to the deterrent effects of Bt, the probability of encountering 
a non-Bt plant is higher than in a blocked field.  This may result in faster resistance evolution 
if neonates that are heterozygous resistant encounter refuge plants and survive, particularly if 
the resistant trait is somewhat dominant and negates the decreased survival due to a sub 
lethal dose of Bt toxin, which is experience by susceptible neonates.  These conclusions 
concur with the findings by Davis and Onstad (2000) where they investigated the 
consequences of O. nubilalis neonate movement in seed mixtures of transgenic crops.  
According to these authors the potential problem for this strategy occurs when heterozygous 
resistant larvae move off of transgenic plants and onto refuge plants, leading to increased 
survival of resistant alleles. This effectively violates the high dose requirement of HDR.  
These findings suggest that O. nubilalis resistant populations will develop faster in seed 
mixes than block refuge strategies; although a seed mixture is preferable to pure transgenic 
standings with no refuge (Davis and Onstad 2000).  However, a mixed seed refuge is 
desirable for several reasons.  In other strategies, growers are required to plant a specific 
proportion of non-Bt plants in a specific pattern, either within the field (strips or blocks), 
adjacent (edges or headlands), or within a given distance (separate fields) of the Bt field 
(Ostlie et al. 1997).  Grower compliance is an issue with strategies that require active 
participation.  Andow et al. (2010) documented that very low grower compliance for in-field 
refuges that were in strips (required four row minimum), with only 5% compliance for 
Cry1Ab fields and 2% for Cry3Bb1 fields.  Whereas seed mixtures do not require any 
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additional input for the grower and ensure that compliance is 100%.  Furthermore, resistant 
studies of the western maize rootworm, Diabrotica virgifera virgifera, suggest that seed 
mixtures are preferable for management of this pest.  In a study by Zaiqi et al. (2011) they 
modeled resistance evolution in seed blends and blocked refuges of plants expressing a 
binary Bt toxin (Cry34Ab1/Cry35Ab1).  Findings indicate that seed blended refuges were 
equal or greater in their ability to delay resistance as opposed to blocks.  Also with the advent 
of pyramided transgenic maize seed mixtures are a more viable option for O. nubilalis 
management.  Pyramided crops have two or more toxins with different modes of action that 
target a pest. Use of these crops could further delay resistance evolution by “redundant 
killing,” where insects resistant to one toxin are killed by the additional toxin, assuming that 
the two toxins are sufficiently different that cross-resistance does not occur (Roush 1998).    
Additionally, Zaiqi et al. 2011 suggest resistance evolves faster in blocks as grower 
compliance declines in blocked refuges.  The issues of compliance, pyramiding, and 
durability for other pests suggest that seed mixtures should not be ruled out as a possible 
management strategy.  
Increased dispersal also carries with it reduced survival when larvae encounter 
predators, desiccate, or fail to locate another host plant. However, the possibility of reaching 
a refuge plant may outweigh the costs associated with dispersal because of the high toxicity 
of Bt.  Therefore, selection pressures could potentially favor increased response to the 
presence of Bt and more efficient dispersal.  Adult O. nubilalis individuals are unlikely to be 
affected by Bt as females are unable to differentiate between a Bt and a refuge maize plant 
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when they oviposit (Hellmich et al. 1999).  However, selection for other types of host plants, 
such as non-crop plants that border the field, cannot be discounted (Bourguet et al. 2000).  
O. nubilalis larval abandonment through silking and/or establishment on natal plants 
may be governed by a genetic component, with 50% of neonates dispersing prior to tasting 
maize tissue (Davis and Onstad 2000).  Behaviors in many animals are linked to specific 
genes.  Three such genes that have been described and characterized in Drosophila 
melanogaster include foraging (for), shaker (shkr), and slowmo (slmo), each shown to be 
associated with insect locomotory behavior. In a previous project it was documented that 
shaker and slowmo exist as orthologs (same gene found in two different species) in O. 
nubilalis, hereafter defined as Onshkr and Onslmo. Onslmo found in O. nubilalis was isolated 
as a 1610 nucleotide transcript encoding a membrane localized 469 amino acid protein with 
conserved domains and architecture necessary to fold into a functional potassium channel.  
Three expressed splice variants of 682, 970, and 1604 nucleotides were identified in Onslmo 
and predict 141 and 228 amino acid proteins with a conserved region that may function in 
mitochondrial protein sorting and perinuclear protein localization (Kroemer et al. 2011). In 
addition the foraging gene also has been documented to exist as a ortholog in O. nubilalis.  
Foraging, encodes a cGMP dependent protein kinase (PKG) in Drosophila (Kalderon 
and Rubin 1989). Kinases are enzymes that transfer phosphate groups to specific substrates 
(usually enzymes) modifying their activity, and PKG is known to affect food search 
(foraging) behavior in larvae and adult flies (Engel et al. 2000). Behavioral polymorphisms 
have been identified in this species that exist in natural populations at appreciable levels 
(Pereira and Sokolowski 1993).  Rover and Sitter larvae differ in their foraging behavior with 
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the Rover phenotype moving a greater distance while feeding than the Sitter phenotype 
(Sokolowski 1980).  Osborne et al. (1997) documented that these two behavioral phenotypes 
are influenced by the foraging gene.  Enzyme assays on fly heads showed that behavioral 
phenotype is correlated with PKG activity, with Rovers showing much higher enzyme 
activity than Sitters.  To further test if PKG is causally related these authors overexpressed 
the foraging gene in Sitter larvae.  The transgenic Sitter larvae then exhibited the Rover 
behavioral phenotype. The results from these two experiments support the claim that the 
difference in these two strains is cause by the level of expression of the foraging gene.  It 
also should be noted that these two phenotypes do not differ in their behavior in the absence 
of food (Pereira and Sokolowski 1993).  In Lepidoptera foraging behavior may be associated 
with silking behavior, as it is the method of dispersal that neonates use to leave non-host 
plants.  Given this, the foraging gene could potentially influence O. nubilalis propensity to 
silk from a host plant by influencing this food search behavior.   
Slowmo encodes a mitochondrial protein of unknown function and has been shown to 
influence several aspects of behavior through coordinated contraction of muscles, which is 
essential for peristaltic muscle contractions in insect larvae (Caldwell et al. 2003).  A 
peristaltic muscle contraction occurs when the symmetrical contraction and relaxation of 
muscles propagate as a wave down the body of the insect. This is the chief mechanism of 
movement for many insect larvae.  Genes influencing insect ability to create these muscle 
contractions could influence behaviors associated with movement.  Carhan et al. (2004) 
found that Drosophila with artificial mutations in the slowmo gene showed a significant 
reduction in the number of peristaltic muscle contractions resulting in overall reduced 
9 
 
movement, these mutants also suffer a reduced ability to recover from being flipped onto 
their dorsal surface.  Given that the protein product of slowmo is associated with 
mitochondria, it is possible that this gene influences muscle contractions through production 
of ATP (adenosine triphosphate) or intracellular calcium levels, both of which are crucial for 
proper muscle contraction and coordination. Therefore, behavioral traits related to movement 
could be influenced by the slowmo gene, either through energy production or muscle 
physiology.  In addition, changes in movement may influence silking behavior; perhaps 
increased movement is associated with increased silking behavior.    
Shaker encodes a voltage dependent potassium (K+) channel protein, which is an 
essential component in generating and propagating an action potential in excitable cells, such 
as nerve and muscle cells.  Action potential refers to the electrical membrane potential of a 
cell that generally rises and falls rapidly and transmits a neural signal.  This is coordinated by 
the proper opening and closing of ion channels specific to sodium and potassium ions, 
leading to the generation and propagation of nerve signals. Genes that influence nerve firing 
could have consequences for a broad range of insect behaviors via a neuronal mechanism. 
Studies on artificial mutants in the shaker gene have documented significant changes in adult 
flight behavior (Homyk 1977, Homyk and Sheppard 1977).  When the potassium channel 
encoded by shaker is mutated, adult flies exhibit an inhibited response to sugar through 
visual and gustatory responses (Ishimoto et al. 2005; Rodriguez Moncalvo and Campos 
2005). Mutant flies (minisleep) that sleep one third the amount of time as a wild type flies, 
are not imparied by sleep deprivation, but have reduced lifespans due to a point mutation in 
shaker (Cirelli et al 2005; Yuan et al. 2006).  Given the broad range of behavior shown to be 
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influenced by the shaker gene it is possible that this gene may influnce silking behavior as 
well, through a neurological mechanism.  
Insect movement potentially could limit the long-term effectiveness of transgenic 
crops, and the documented genes known to influence behavior in Drosophila that are 
orthologs in O. nubilalis suggests several questions relevant to IRM.  (1) Do these two 
behavioral traits (plant abandonment via silking and plant establishment) respond to selective 
pressures in a laboratory setting using entire maize plants?  (2) If these traits do respond to 
selective pressures, indicating a genetic component, which of our candidate genes (foraging, 
slowmo, and shaker) are involved?  (3) Do these two behavioral phenotypes exhibit 
additional differences associated with movement that we can detect using behavioral tracking 
software (EthoVision) in a 1cm diameter enclosed arena? 
These questions were addressed with the following objectives and hypotheses: (1) 
Determine if plant abandonment and establishment have a genetic basis and respond to 
selective pressure in a lab setting on whole maize plants and (2) if our candidate genes are 
associated.  We hypothesize that O. nubilalis neonate movement does have a genetic 
component that involves our candidate genes related to locomotion, are involved.  (3) 
Determine if these behaviors are associated with differences in movement that can be 
detected in a small arena experiment.  We hypothesize that changes in neonate dispersal are 
associated with differences in movement, with increased dispersal resulting in increased 
movement.     
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CHAPTER 2. SELECTION FOR PLANT ABANDONMENT AND 
PLANT ESTABLISHMENT, CONSTRUCTION OF EXPRESSION 
PROFILES FOR FORAGING, SLOWMO AND SHAKER 
O. nubilalis rearing and selection experiment 
A European corn borer colony, established from an Iowa wild population, was 
maintained in the Genetics Laboratory at the USDA–ARS, Maize Insects and Crop Genetics 
Research Unit, Iowa State University, Ames, IA for 12 generations prior to use in this study.  
Larvae were fed a meridic wheat germ diet, that contained Fumidil B to prevent 
microsporidial growth (Lewis and Lynch 1969) and larvae were reared in an environmental 
chamber (LD 24:0 h, temp 27 ± 0.2 C, 50 ± 5% RH).  Pupae where allowed to emerge in 
wire mesh cages (handmade, 60cm x 29.5cm x 32.5cm, sides and bottom: Hardware Cloth 
Screen Bronze 36" 18 x 14 mesh .011"wire diameter McMaster Carr # 1022A17, top: 36" 
5x5 mesh .035" wire diameter Gerard Daniel Worldwide # 6186565) in a environmental 
chamber with a cyclic photoperiod (L:D, 16:8) and controlled temperatures (27 ± 0.2 C, 50 ± 
5% RH). Wax paper was provided as an oviposition substrate and changed daily.  
The purpose of our study was to investigate the possible genetic component of 
behavioral traits.  As such we want to reduce environmental variation.  Using Bt plants 
would result in an insect response to host plant physiology as opposed to genetic influences.  
This is why we used non-Bt maize plants (33D31, Pioneer, Johnson, IA) that were 
transplanted from the field into the laboratory using 1 gallon black planting pots and potting 
soil.  Plants where then placed under fluorescent grow lights (6500K T5 bulbs, SunBlaze™ 
44) in a controlled chamber (L:D, 16:8; temp 27±0.01 C, 59±0.1% RH).  Water trays were 
placed under the plants providing a water source for the plant, maintain room humidity, and 
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provided a barrier to prevent neonates from crawling to neighboring plants.  After 
transplanting from the field maize whorls were flushed with water from a garden hose and 
leaves were wiped down with a damp paper towel to remove most insects on the plants. 
For the parental generation eggs were collected from the colony described above that 
contained ≥ 20 individual eggs.  Two reps of initial infestation (dates: 7/2/10 and 7/9/10) and 
selection were conducted (15 plants in each replicate, 30 total).  Four to six egg masses were 
pinned on maize plants (V6 or V7) on the underside of the highest leaf with a complete leaf 
collar or the next higher leaf (whichever was in conditions preferable for observations).  
Infested plants were inspected for neonates abandoning the plant via silking every 15-20 
minutes for 4 hrs and collected.  Later (24-72 hrs) the plants were dissected and the 
remaining neonates were collected.  A shorter collection period for the silking trait represents 
a stronger selective pressure than a longer one, which would result in a quicker response to 
selective pressure. The four hr period was used for collection of sufficient numbers of 
neonates and relatively strong selection.  A fine camel hair brush was used to collect 
neonates to avoid damaging neonates through handling.  
After plant trials were completed, experimental egg masses were collected and 
counted to determine the number of emerged neonates on an infested plant.  From the 
number of emerged neonates, percentages of Silking and non-Silking, were calculated of 
each phenotype.  These values were plotted over generations to determine if neonates were 
responding to the selective pressure of the experiment.   
Neonates collected from this experiment were used to establish Silker (plant 
abandoning) and non-Silker (plant establishing) colonies.  Silker and non-Silker neonates 
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were then placed in separate plastic rearing cages (9cm tall, 8cm diameter 15oz capacity, 
Pioneer Plastics North Dixon, KY) containing artificial diet and placed in an environmental 
chamber (LD 24:0 h, temp 27 ± 0.2 C, 50 ± 5% RH), and reared to adulthood.  For 
generations 1-3 individual pupae were removed and placed into plastic cups with plastic lids 
(2.5cm tall, 4cm diameter injection molded cups 5/8 oz, Anderson Tool and Die, Linden, NJ) 
and maintained at the same conditions. Adults of the same phenotype were placed in screen 
breeding cages (handmade, 14cm tall, 14cm diameter, sides and bottom: Hardware Cloth 
Screen Bronze 36" 18 x 14 mesh .011"wire diameter McMaster Carr # 1022A17, top: 36" 
5x5 mesh .035" wire diameter Gerard Daniel Worldwide # 6186565), with approximately 30 
adults in each cage, and allowed to randomly mate. Water was provided through damp 
absorbent cotton placed at the bottom of the cage.  For generations 4-7, pupae of a like 
phenotype were allowed to emerge in a screen cage (handmade, 60cm x 29.5cm x 32.5cm, 
Hardware Cloth Screen Bronze 36" 18 x 14 mesh .011"wire diameter McMaster Carr # 
1022A17).  A single cage was used to house adults for each phenotype.  The purpose of this 
change was to minimize the time required to maintain the colonies and provide a larger 
habitation area for adults.  Water was provided by lightly spraying the cages with water from 
a garden hose daily.  For both these rearing methods wax paper was provided as an 
oviposition site, which was changed daily.   
Eggs collected from the colonies were used in subsequent generations of infestation 
and selection as described above.  However, neonates from the non-Silker line that were 
abandoning their host plant (observed every 15-20 minutes during 4 hr period) were tallied 
and destroyed; and neonates from the Silker line that were remaining on their host plant 
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(dissected 24-72 hrs later) were tallied and destroyed.  This negative selection of the opposite 
phenotype of each colony ensured pure directional selection for the desired trait and allowed 
us to compare our colonies for each of these traits (i.e., compare the plant abandoning and 
plant establishing traits in our Silker line and non-Silker line).   
Throughout the experiment the number of plants used for selection at each generation 
differed.  This was due to two limiting factors: (1) number of maize plants available that met 
the conditions of the experiment and (2) number of eggs masses obtained from the previous 
generation that were ≥20, successfully observed in the early stage of emergence (prior to 
scattering off the wax paper).  However, the number of plants at each generation was never 
below 11 (see appendix 1).   
At generation 4 (October 2010), at the end of the maize growing season, neonates 
were induced into diapause.  We took numerous progeny from our latest Silker and non-
Silker colonies that underwent selection, generation 3 (>300 eggs), reared them on artificial 
diet in a diapause inducing chamber (LD 13:11 h, temp 23 ± 0.2 C, 60 ± 5% RH).  When 
individuals reached the 5
th
 instar they were placed in a diapause maintaining chamber (LD 
2:22 h, temp 8 ± 0.2 C, 60 ± 5% RH).  Although induction of diapause from a generation that 
underwent selective pressures is possible under our experimental conditions, we found this 
undesirable due to insufficient numbers of individuals obtained from the selection 
experiment and the possibility of extensive overwintering mortality.  The following spring 
(May 2011) insects were brought out of diapause and their progeny were used to continue 
selection for two more generations.  This resulted in colonies that underwent selection for 
three generations during summer of 2010, did not undergo selection at generation 4, and 
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underwent selection in generations 5 and 6 during summer 2011, for a total of 5 generations 
of selection.  
Percentages of plant abandonment and plant establishment were converted to arcsin 
square-root values prior to analysis. Statistics were performed on JMP, version 10 (SAS 
Institute Inc., Cary, NC, 1989-2012) to run a MANOVA repeated measure analysis of the 
Silking and non-Silking phenotypes in both colonies over subsequent generations of 
selection.  Colony as the main effect and generations was the repeated measure.  Comparison 
of the colonies of the same generation was analyzed using a Student’s t-test.   
A limitation of our experimental procedure is that the number of neonates on a given 
plant can vary.  Egg masses in the process of emerging are placed on plants and the number 
of neonates that successfully emerge varies.  This means the density of neonates on an 
experimental plant varied throughout our study.  Potentially the differences we observe in 
propensity to silk from the natal host plant may be a result of density dependence as opposed 
to genetic influences.  To account for this we plotted the egg emergence against plant 
abandonment and plant establishment and inserted a best fit line.  The statistical significance 
of these plots was tested on JMP 10.  If these traits are influenced by density the plotted best 
fit line will show a significant result.  We made these plots for each colony, for each trait, for 
every generation.  
Throughout our experiment, calculated percentages for each trait on a given plant do 
not sum up to 100%, indicating that numerous neonates are not accounted for during the 
experiment.  After the 4 hr observation period numerous neonates may continue to silk from 
the host plant and are lost.  In addition neonates remaining on the host plant may experience 
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mortality by being unable to find a suitable feeding site.  To accommodate for this issue we 
ran an additional MANOVA repeated measures analysis  based on percentages that only 
included observed neonates (proportion silking + proportion remaining = 1).  
Construction of expression profiles of foraging, shaker, and slowmo 
Egg masses were collected from adults from the latest generation to undergo selection 
(6
th
 gen) and a non-selected lab colony (12 generations lab reared prior to use, no diapause 
was induced).  To ensure that egg masses were roughly the same age, fresh wax paper was 
provided in the evening, between 8-10 pm.  After 1 hr this wax paper was collected, 
providing egg masses that were oviposited within 1 hr of each other.  This established a 0 hr 
sampling time.   
Egg masses were placed in an environmental chamber (LD 24:0 h, temp 27 ± 0.2 C, 
50 ± 5% RH) and were allowed to develop.  Samples were collected in 24 hr increments as 
follows 0, 24, 48, 72, and 96 hrs after the 0 hr.  At these time periods two egg masses were 
placed in RNase treated 1.5 ml microcentrifuge tubes (MAX-815, Phenix NC), frozen in 
liquid nitrogen and ground to a fine powder using an RNase treated pestles; a separate pestle 
was used for each sample.  Immediately after grinding 500µl of Trizol (Invitrogen, Carlsbad, 
CA) was added and samples were immersed in liquid nitrogen and stored at -70C.  In 
addition several egg masses were allowed to emerge (under same conditions as described 
above), and were placed in petri dishes containing non-Bt maize leaf tissue for 4 hrs.  
Samples of 16 neonates from each colony and a non-selected lab colony (12 generations lab 
reared) also were processed as described above.  Four samples were taken at each time period 
in three independent trials. 
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 RNA was isolated following the Trizol procedure provided by the manufacturer 
(Invitrogen, Carlsbad, CA).  RNA was isolated from each trial on a different day to ensure 
that they were independent.  Oligo-dT primer and Moloney Murine Leukemia Virus 
(MMLV) reverse transcriptase (Promega Corporation, Madison, WI, USA) was used to 
perform cDNA synthesis reactions on all samples using 2 µg of RNA.  
Relative quantitative real-time polymerase chain reaction (rqRT-PCR) was conducted 
according to Kroemer et al. (2006) to determine differences in quantitative expression 
profiles in these genes.  Reactions were performed on a Bio-Rad MyiQ real-time PCR 
thermalcycler.  Gene specific primers, designed by Jeremy Kroemer, were used for foraging 
(qFW GAG ACA CAC TAC CAG AAC GGC, qRV CTG CTA TCT CCC TCG TCC TTG), 
shaker (qFW TGT CGT CCT GTT TTC CTC CGC, qRV TTG GAT ACG ATG ACG GGC 
ACG), and slowmo (qFW AAG CAG CGT GGA GGA AAT ATC CCA, qRV TCC AAT 
AAG TGC TTG GGC CCA TCT).  One microliter of 1:10 diluted cDNA from each sample 
in a trial was subjected to 50 rounds of PCR in the presence of SYBR green dye (Bio-Rad, 
Hercules, CA) according to the manufacturer’s protocol.  Standards of cDNA were prepared 
from serial dilutions (10-fold) of 0.001 µg from combined pools of each trial.  Fluorescence 
intensity was measured after each round of PCR.  Mean threshold PCR cycles of our samples 
were calculated from the three independent trial and normalized to the quantities of 18S 
rRNA (RPS 3) (Li et al. 2005).  Starting quantities for each sample were calculated by using 
the linear standard equation formulated from starting quantities and mean log threshold 
fluorescence values obtained from standards. Each trial was done in triplicate for each 
candidate gene to confirm results; outliers were removed from the data.  Data were combined 
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to create expression profiles for the mean threshold PCR cycles of each candidate gene to 
compare RNA expression. 
 Statistical analyses of expression were conducted using JMP 10 to construct a 
restricted maximum likelihood (REML) mixed model with main effects colony, time, 
colony*time, and with trial treated as a random effect.  Means were compared using a Tukey 
Honestly Significant Difference (HSD) test (Tukey, 1953).  
Results of plant abandonment phenotype 
The results of the selection experiment on the parental generation showed 3% for the 
Silker trait and 11% for the non-Silker trait.  Although this value is much less than the value 
of 50% as seen by other authors (Davis and Onstad 2000) this may be due to the 4-hr 
observation period used and high neonate mortality as described previously.  The neonates 
collected exhibiting the desired traits were used to establish Silker and non-Silker colonies.  
The number of neonates used to establish these colonies was 108 in the Silker line and 527 in 
the non-Silker line.   
Subsequent selection in the Silker colony showed a consistent, significant, increasing 
trend in propensity to abandon the host plant during the first 4 hrs after plant infestation, 
while in the non-Silker colony there was a slight increasing trend (Fig 1).  A MANOVA 
repeated measures analysis indicated that there were significant differences between 
generations (Generation F (4, 20)=6.97, P<0.0001), that the two colonies were significantly 
different from each other (Colony F(1, 23)=1.43, P<0.0001), and that the two colonies 
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differed in how they changed across generations (Generation*Colony F (4, 20)=0.73, 
P=0.0214). 
Throughout generations the selected Silker colony showed a higher propensity to silk 
than the non-Silker colony.  Statistical analysis with a Student’s t-test in each generation 





,t(28)=2.05, p=0.0004 and 6
th
, t(28)=2.05, p<0.0001 generations.  
An additional MANOVA repeated measures analyses was conducted based on 
percentages that only included observed neonates (proportion silking + proportion remaining 
= 1) (Fig 2). Results were similar to our analysis based on emergence, showing significant 
differences between generations (Generation F (4, 20)=1.94, P=0.0002),  between colonies 
(Colony F(1, 23)=1.03, P<0.0001).  However, analysis based on observed neonates did not 
show a difference in how the colonies changed across generations (Generation*Colony F (4, 
20)=0.17, P=0.50).  
Student’s t-test based on observed neonates were similar to the analysis based on 
emergence, with the Silker colony showing a higher propensity to silk than the non-Silker 
colony. Significant differences were observed in the 3rd,
  
t(18)=2.07, p=0.0182, 5th, 
t(27)=2.05, p=0.001, and 6
th
 t(25)=2.05, p=0.0001 generations.   
Results of plant establishment phenotype  
Throughout generations there was an inconsistent trend in plant establishment for 
both the non-Silker and Silker colonies (Fig 1).  When one colony showed an increase in 
plant establishment so did the other colony and vice versa.  Despite the inconsistent trend 
20 
 
observed over generations, a MANOVA repeated measures analysis did indicates that, 
overall, there were significant differences between generations (Generation F (4, 20)=9.40, 
P<0.0001), and between the two colonies (Colony F (1, 23)=7.91, P=0.0099). However, 
Silker and non-Silker colonies did not differ in how they changed over generations 
(Generation*Colony F (4, 20)=0.43, P=0.1114).    
Across generations there was an increasing difference between the colonies, with the 
non-Silker colony showing a greater percentage of neonates remaining.  Statistical analysis 
using a Student’s t-test in each generation showed that the propensity to remain on the natal 
host plant in our two colonies were not statistically different except in generation 6, with the 
non-Silker colony having a higher propensity to remain on the host plant than the Silker  
colony (t(26)=2.05, p=0.0008).   
An additional MANOVA analysis was conducted based on percentages that only 
included observed neonates (Fig 2). Results were very similar to the MANOVA based on 
percentages of neonate emergence, showing significant differences between generations 
(Generation F (4, 20)=6.25, P<0.0001), between colonies (Colony F (1, 23)=1.15, 
P<0.0001), and no difference in how the colonies changed over time (Generation*Colony F 
(4, 20)=0.34, P=0.1902).  
Student’s t-test based on observed neonates were different than our analysis based on 
emergence, with significant differences seen in the 3
rd





, t(25)=2.05, p<0.0001 generations, with the non-Silker colony having a 
higher propensity to remain on the host plant 
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Results of neonate density on behavioral traits 
 A Bivariate fit analysis of neonate density was inconsistently related to plant 
abandonment and plant establishment, but did show some significant results (see appendix 7 
and 8).  In the parental generation there was a significant negative correlation for plant 
abandonment (r(30)=0.20, p = 0.014) and a significant positive correlation for plant 
establishment (r(30)=0.39, p = 0.0002), indicating that neonate behavior may be influenced 
by density.  However these trends were either inconsistent or non-significant in subsequent 
generations of the Silker colony. In the second generation the significant correlation in plant 
abandonment (r(18)=0.58, p = 0.0002) was positive instead of negative as seen in the 
parental generation, and the correlation in plant establishment was non-significant.  Further 
correlations in subsequent generations of the Silker colony were non-significant.  Throughout 
generations in the non-Silker colony there was never a significant correlation in density 







Fig 1. (a) Percentage of “successfully emerged” neonates observed abandoning the plant within the 
first four hr of infestation (mean±SE) in the Silker (selected) and non-Silker (non-selected) colonies 
over six generations. (b) Percentage of larvae observed remaining on plant 24-72 hrs after infestation 
(mean±SE) in the Silker (non-selected) and non-Silker (selected) colonies. Levels connected by (*) 







Fig 2. (a) Percentage of “observed neonates” observed abandoning the plant within the first four hr of 
infestation (mean±SE) in the Silker (selected) and non-Silker (non-selected) colonies over six 
generations. (b) Percentage of larvae observed remaining on plant 24-72 hrs after infestation 
(mean±SE) in the Silker (non-selected) and non-Silker (selected) colonies. Levels connected by (*) 
show significant differences between the Silker and non-Silker colonies for a given generation. 
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Expression profiles of the foraging gene  
The combined data to create the expression profile for the foraging gene showed very 
high expression in the Silker colony at the 0 hr time period relative to the other time periods 
and the first instars exposed to maize tissue (Fig 3).  A mixed model analysis showed that the 
colonies differed in the level of expression (Colony F (2, 142)=4.82, P=0.0095), that the 
level of expression differed across time periods (Time F (5, 142)=6.05, P<0.0001), and that 
the colonies differed in how expression changed across time periods (Time*Colony F (10, 
142)=7.44, P<0.0001).  Comparison of means using a Tukey Test showed that expression of 
foraging in the Silker colony, at the 0hr time period, was significantly higher than all the 
other time periods and other colonies (non-Silker and lab) (see appendix 10).   
  Expression profiles of the slowmo gene 
 The combined data to create the expression profile for the slowmo gene showed very 
high expression in the Silker colony at the 0-hr time period relative to the other time periods 
and the first instars exposed to maize tissue (Fig 4). A mixed model analysis showed that the 
colonies differed in the level of expression (Colony F (2, 142)=30.28, P<0.0001), that the 
level of expression differed across time periods (Time F (5, 142)=24.95, P<0.0001), and that 
the colonies differed in how expression changed across time periods (Time*Colony F (10, 
142)=42.72, P<0.0001). Comparisons of means using a Tukey Test showed that expression 
of slowmo in the Silker colony, at the 0-hr time period, was significantly higher than all the 
other time periods and other colonies (non-Silker and lab) (see appendix 10).  
We were unable to obtain expression profiles for the shaker gene due to amplification 







Fig 3. rqRT-PCR analysis of foraging gene expression on two egg masses collected at several time periods after putative 0 hr and 16 1
st
 instar 
neonates exposed to maize tissue for four hr (mean±SE).  The data for each time period are normalized relative to a ribosomal control gene. 
Levels not connected by same letter are significantly different. 






Fig 4.  qRT-PCR analysis of slowmo gene expression on two egg masses collected at several time periods after putative 0 hr and 16 1
st
 instar 
neonates exposed to maize tissue for four hr (mean±SE).  The data for each time period are normalized relative to a ribosomal control gene. 




 Selection over subsequent generations of the Silker colony resulted in a consistent, 
increasing trend in plant abandonment via silking behavior. This strong response to selective 
pressure suggests that the propensity to silk from the natal host plant is under genetic control.  
Despite not undergoing selection in generation 4 we successfully obtained consistent data 
during the summers of 2010 and 2011.  The slight increase in plant abandonment in our non-
Silker colony is somewhat perplexing, given that in our methods we selected against silking 
in this colony.  A possible explanation for this may be due to when O. nubilalis are reared on 
artificial diet for numerous generations they lose their affinity for maize.  Guthrie et al. 
(1974) showed that after 17 generations exposed to artificial diet O. nubilalis neonates cause 
less damage on maize plants, and after 46 generations they cause very little damage.  Given 
that our parental colony was reared in the lab for 12 generations prior to use in this study, it is 
possible that this could be the reason why the non-Silker colony showed an increase in 
propensity to abandon the plant.  However, we find it unlikely that neonates were influenced 
to leave by rejecting the maize plant as a food source.  During plant dissections, distinctive 
“shot gun” feeding damage was observed in both the Silker and non-Silker colonies in every 
generation.  O. nubilalis neonates search for a suitable feeding site based on negative 
phototaxis and positive thigmotaxis (Beck 1956).  The majority of neonates remaining on the 
plant were found in the maize whorl.  In addition, at no point during the study were neonates 
observed to feed or attempt to feed on the maize plant during the observations for silking 
behavior.  These observations suggest that the neonates are preprogramed to stay or leave via 
a genetic mechanism as opposed to rejecting the maize plant as a food source.    
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Analysis based on observed neonates showed similar results to the analysis based on 
emerged neonates, with a the Silker colony show a stronger increasing trend then the non-
Silker colony and that differences between colonies in a given generation were significantly 




 , and 6
th
 generations.  However, according to our analysis, the two 
colonies did not differ in how they changed across generations. This may indicate that few 
genes control this trait and that the alleles conferring the silking phenotype reach fixation 
quickly.  Future studies should involve crossing selected lines to confirm this.  
Although the response to our selective pressure for plant establishment was 
inconsistent we still obtained a significant difference between our colonies in the 6
th
 
generation with the selected non-Silker colony showing a greater propensity to remain on the 
host plant than the Silker colony, with an analysis based on neonate emergence.  However, 







 generations, again with the non-Silker colony having a higher propensity to remain on the 
host plant than the Silker colony.  Both ways of representing and analyzing these data 
suggest that this trait is at least partially under genetic control.  The erratic results obtained 
for plant establishment can be partially explained by the fact that a phenotype is a 
combination of genetic and environmental influences.  It is likely that the plant establishment 
trait is heavily influenced by environmental factors and given the extensive range of 
influences O. nubilalis neonates experience in the field (predators, other herbivores, plant 
defenses, ext.) makes this a plausible explanation.  O. nubilalis neonates respond to the 
presence of Bt by exhibiting increase dispersal from the plant.  Additionally, the variable 
trends were very similar in both of our colonies (when one showed an increase, so did the 
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other and vice versa), which suggests that our colonies were responding in a common way to 
a common environmental influence.  Although the maize plants used throughout the 
experiments were all the same type and roughly the same age (V6-V7) they were all grown 
continuously in a common field.  These plants were exposed to changing environmental 
conditions throughout the summer.  Therefore, neonates from one generation potentially 
were exposed to a different environmentally-conditioned plant than other generations of 
neonates.   
Analysis of the behavioral traits plotted against neonate density were either 
inconsistent or non-significant, suggesting that propensity to stay or leave the natal host plant 
is not dictated by the presence of other neonates during the initial 24-72 hr of neonate 
infestation. 
The foraging gene showed higher expression levels in the Silker colony at the 0 hr 
time period relative to the non-Silker and lab colonies and across time periods.  Other studies 
have investigated how expression of the foraging gene influences insect behavior, and their 
results concur with our findings.  In Drosophila melanogaster Rovers and Sitters are two 
different behavioral phenotypes that differ in food search behavior that occur in natural 
populations.  Rovers move a greater distance while feeding than Sitters, both as larvae and 
adults (Pereira and Sokolowski 1993, Sokolowski 1980).  Depending on distribution and 
abundance of food sources dictates which phenotype is advantageous.  Osborne et al. 1997 
investigated the influence of the foraging gene on these phenotypes and found that Rovers 
have higher expression of this gene than Sitters.  Further experiments by these authors found 
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that the Sitter phenotype could be converted into a Rover phenotype by overexpressing the 
foraging gene in D. melanogaster.   
Foraging gene expression also has been shown to influence behavior in the honey bee 
Apis mellifera.  In contrast to D. melanogaster, which exhibits distinctive phenotypes, food 
search behavior in A. mellifera changes as the insects matures.  Young workers in the colony 
take part in brood care behavior and make the transition to food gathering behavior as they 
mature.  Ben-Shahar et al. (2002) investigated how these behaviors may be influenced by the 
foraging gene.  By constructing expression profiles these authors discovered that brood care 
and food gathering individuals differ in foraging gene expression, with the food gathering 
individuals having significantly higher expression.  To ensure that this transition in behavior 
is due to regulation of the foraging gene as opposed to age dependence, these authors created 
a single cohort colony of one-day old bees.  The lack of food gathering individuals resulted 
in some bees making this transition in behavior to obtain nourishment for the colony.  
Expression profiles of these single cohort colonies were consistent with previous results, with 
the food gathering individuals having higher expression of foraging.    
These two studies give compelling evidence that the foraging gene influences food 
search behavior in insects, with increased expression resulting in increased dispersal in the 
presence of a food source.  Our Silking colony has a much higher propensity to leave the 
natal host plant and has much higher expression of the foraging gene than the non-Silker 
phenotype.  The results of our selection experiment and genetic analysis on silking behavior 
in O. nubilalis concur with these studies and suggest that the foraging gene is involved with 
this trait.   
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Whereas the previous studies in the foraging gene investigated food search behavior, 
ours is concerned with silking behavior.  However, ballooning is closely associated with food 
search behavior and is a manner of finding a suitable host plant in Lepidoptera.  As shown by 
Goldstein et al. (2010), O. nubilalis neonates abandon Bt plants more often than non-Bt 
plants, indicating that silking is used when they encounter a non-preferable host plant.  Given 
that foraging influences food search behavior and that silking can be seen as a form of food 
search behavior illustrates how this gene can be involved with this trait. 
Results of expression profiles for slowmo were very consistent and similar to our 
results for foraging.  The Silker colony showed significantly higher expression of the gene at 
the 0 hr time than the non-Silker colony.  Previous studies of slowmo show that this gene is 
associated with the mitochondria in D. melanogaster and artificial point mutations result in a 
reduction in peristaltic muscle contractions resulting in reduced movement.  In addition these 
mutants have a reduced ability of righting themselves after being flipped onto their dorsal 
surface.  Given that changes in the slowmo gene can influence movement it is possible that 
changes in expression of this gene could influence silking behavior.  Perhaps increased 
expression of this gene could result in increased movement, resulting in an increased 
propensity to silk.  However, the study by Carhan et al. (2004) overexpressed this gene in D. 
m and this did not result in any changes in behavior.  Further conclusions of the slowmo gene 
and its influences on silking behavior are difficult given that no natural occurring behavioral 
phenotypes associated with this gene have been discussed in the literature.  It is still possible 
that expression of this gene could influence this behavior and may influence different species 
in different ways.  Further studies will be needed to determine if this gene is involved in 
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dispersal behavior using silk.  We were unable to obtain expression profiles for the shaker 
gene due to amplification of unintended gene products.   
The hypotheses of our study are supported by the results of our experiments.  O. 
nubilalis neonates do respond to selective pressures for plant abandonment.  This is 
indicative of a trait that is under genetic control and subject to evolution.  Two genes that we 
investigated appeared to be involved with these traits, with the Silker colony having much 
higher expression of these genes than the non-Silker and lab colony.  Previous studies of 
foraging gene and its influence with food search behavior strongly suggests that it is involved 
with this trait.    
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CHAPTER 3. QUANTIFICATION OF NEONATE MOVEMENT WITH 
BEHAVIORAL TRACKING SOFTWARE (EthoVision) 
 Although measuring the propensity to leave the host plant via silking is useful for our 
experiment we found it desirable to obtain further data on variables of neonate movement.  
Therefore we used behavioral tracking software called EthoVision (version XT, Noldus 
Information Technology) to determine differences in other movement variables.  An infrared 
camera connected to a computer, tracks the position of a neonate in a defined arena.  This 
allows for the calculations of such variables as distance moved, meander, velocity, time spent 
moving, and dispersal.  The purpose of this test was to determine if differences in silking was 
associated with other behavioral differences.  Our initial hypothesis was Silkers would 
exhibit greater movement than the non-Silkers, and increased movement is a major factor in 
increased neonate dispersal.   
Materials and Methods 
 For this experiment we took progeny from the latest generation that underwent 
selection (generation 6) and allowed their egg masses to hatch in Petri dishes in an 
environmental chamber (LD 24:0 h, temp 27 ± 0.2 C, 50 ± 5% RH).  In addition we took egg 
masses from a non-selected lab colony (12 generations lab reared) and allowed them to 
emerge in petri dishes as well, in the same conditions as described above.  Individual 
neonates (Silker, non-Silker, and lab colony) were placed in 1 cm diameter kointainers (coin 
protector, E&T Kointainer Co. Sidney, OH) directly on top of a 0.5 cm diameter piece of 
non-Bt maize leaf tissue.  Only neonates that were ≤1hr old were used.  The kointainers 
containing neonates were then placed randomly under a 2x3 grid underneath an infrared 
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camera in an isolated room (no light; temp 26±0.002C, 26±0.05% RH).  The lack of light in 
the observation room was required in that light interfered with neonate detection due to glare 
on the kointainer.  The neonates were allotted 10 minutes prior to recording to remove 
potential effects introduced due to handling, after which they were recorded for 20 minutes.  
After recordings the neonates and leaf tissue were discarded and the kointainers cleaned with 
deionized water.  Fresh leaf tissue was prepared and new neonates were placed inside for 
subsequent recordings.   
We conducted 18 replicates with 2 Silkers, 2 non-Silkers, and 2 lab colony 
phenotypes in each replicate.  However, some dishes were excluded from the data set (2 
dishes from the Silker colony and 4 dishes from the non-Silker and lab colony) because 
neonates in those trials were tracked incorrectly or hidden from the camera by being 
underneath the leaf tissue.  
 The variables we investigated included distance moved [average distance traveled 
(cm) during 20 minute recording], meander [degrees deviated from a straight line per 
centimeter traveled (degrees/cm)], velocity (cm/s), time spent moving (center point moving 
0.04 cm/s), and dispersal from leaf tissue [average distance (cm) from edge of leaf tissue].  
Results from our experiment were analyzed using JMP 10.  Means for each variable 
investigated were compared using a Student’s t-test.  
Results of movement variables 
 The majority of variables we investigated did not yield statistically significant results 
(see appendix 12).  Neonates from each colony (Silker, non-Silker and lab colony) exhibited 
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statistically similar results for distance moved, meander, velocity, and time spent moving.  
The only variable to show a significant result was dispersal from the leaf tissue (Fig 5).  On 
average neonates from the Silker colony were located farther away (0.36cm) from the leaf 
tissue than the non-Silker and lab colony (0.31cm and 0.22cm, respectively).  Comparisons 
of means using a Student’s t-test showed that the Silker and lab colony were statistically 
different from each other (t(2)=1.98, p=0.0159).  Means of Silker vs. non-Silker, and non-
Silker vs. lab colony were statistically similar.  
 
Fig 5.Mean distance±SE of 1
st
 instars (≤1hr old) from non-Bt leaf tissue.  Columns not 
connected by same letter indicate statistically significant differences based on Student’s t-
test.  
Discussion 
Results from our experiments with EthoVision indicate that changes in silking 
behavior are not associated with changes in neonate movement.  For the variables we 
investigated (distance moved, meander, velocity, time spent moving, and dispersal from leaf 
36 
 
disc), only one yielded significant results.  Dispersal from the leaf disc showed a difference 
between the Silker and lab colony as opposed to the expected result of a difference being 
between the Silker and non-Silker colonies.   
Failure of our EthoVision trials to isolate differences in off plant behavior has several 
potential explanations.  First, these results suggest that neonates differing in propensity to 
silk do not differ in other behaviors.  Our initial hypothesis was that increased silking is a 
result of increased movement.  Our results from EthoVision suggest that silking and 
movement are two independent behaviors dictated by different genes.  However, an 
alternative explanation is that there are differences in movement in our two colonies but 
EthoVision is unable to detect them.  The reason for this being is that the kointainer 
environment is too artificial when compared to the plant to elicit behavioral responses.  Our 
original preliminary selection experiment for behavioral traits in O. nubilalis supports this 
idea.  Selection was originally carried out in petri dish trials consisting of placing an egg 
mass on top of a piece of artificial diet (S. Moser personal observation).  Individuals that 
stayed or left that piece of diet were selected.  This method did not result in a change in 
neonate behavior.  Selection was only successful when carried out on the entire plant.   
The failure of petri dish selection makes our negative results with EthoVision 
somewhat expected.  Differences in behavior in our colonies may be present but recordings 
in an off-plant setting are too artificial to induce those behaviors.  Due to the extremely small 
size of O. nubilalis 1
st
 instars and the limited sensitivity of our camera, on-plant recordings of 
neonate movement were impossible under our experimental conditions.   
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CHAPTER 4. CONCLUSIONS 
From on plant bioassays we have collected data that supports our hypothesis, O. 
nubilalis neonates respond to selection for plant abandonment, with subsequent generations 
exhibiting a higher propensity to silk from the maize plant.  Although selection for plant 
establishment did not increase with subsequent generations it was significantly higher than 
the Silker colony across generations.  We isolated expression level differences in two genes 
that are known to influence behavior in D. melanogaster that also are found in O. nubilalis 
(Kroemer et al. 2011).   Previous studies of the foraging gene have shown that high 
expression of this gene is associated with increased food search behavior in D. melanogaster 
(Osborne et al. 1997) and A. mellifera (Ben-Shahar et al. 2002).  In our study high expression 
of the foraging gene was found in our Silker colony.  Expression level differences were also 
found in slowmo which may influence neonate movement and hence silking behavior.   
Although the results from EthoVision were mostly equivocal this does not rule out that 
behavioral differences exist in our colonies.  As discussed previously the environment of the 
kointainer may be too artificial compared to the plant, making any behavioral differences 
undetectable with our methods.  To determine if behavioral differences exist, quantifiable on 
plant observations would have to be made, the limited sensitivity of EthoVision makes this 
option difficult.   
 The goal of our research was to determine the response to selection pressure for 
behavioral traits in the lab.  However, our bioassay was conducted on entire maize plants and 
it is very likely that O. nubilalis neonate behavior would respond to selection in a similar 
manner in the field.  Although the influence on resistance evolution was not-tested directly, 
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speculation of O. nubilalis dispersal as an evolving trait and its influence on Bt is possible.  It 
has been previously been documented that O. nubilalis neonates can survive a sub-lethal dose 
of Bt toxin in transgenic maize (Davis and Coleman 1997) and this results in a deterrent 
effect, with neonates abandoning Bt plants 1.78 times more often than non-Bt plants 
(Goldstein et al. 2010).   Neonates that emerged from eggs oviposited on Bt plants and 
silking from them and reaching non-Bt plants would favor selection for the silking trait.  This 
has potential consequences for resistance evolution depending how the Bt and refuge 
portions of the field are distributed.  
 In a block refuge the proximity of Bt plants to the refuge plants is considerably small 
with the area of interaction being at the borders of the two blocks.  This proximity is 
completely absent in cases were the Bt and refuge are planted in different fields.  The 
probability of neonates abandoning Bt plants and finding a refuge plant is quite low in a 
blocked refuge.  Individuals exhibiting the Silker phenotype would be selected against due to 
high mortality.  Individuals oviposited on refuge plants would favor selection for plant 
establishment as this would be an ideal host for the developing larvae.  Although any 
individuals that silk from refuge plants will likely encounter another refuge plant and survive, 
they will also experience higher mortality due to increased exposure to predators and 
desiccation associated with dispersal.  In a blocked refuge, selection should favor plant 
establishment and neonates on refuge plants will survive and neonates on Bt plants will die 
due to toxin consumption or attempt to leave and will likely encounter another Bt plant.  This 
is all in accordance with the requirements of high-dose refuge (HDR) in order for it to be 
effective; ensuring the survival of insects on refuge plants and mortality of insects on Bt 
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plants.  In this scenario the results of blocked refuge strategy on O. nubilalis neonate 
behavior will likely not influence resistance evolution. 
 The situation is different in a seed mixture strategy.  With this method the refuge is 
mixed in with the transgenic plants and sold as a single bag of seed to the grower.  This 
results in refuge plants that are randomly dispersed in the field, and are surrounded by Bt 
plants, creating very high proximity between the refuge and transgenic crops.  In this case, 
individuals oviposited on Bt plants and leave via silking have the potential to encounter a 
refuge plant and survive (a much higher probability than neonates dispersing in blocked 
refuge).  These surviving individuals are effectively escaping the high dose of HDR and this 
could result in faster evolution of Bt resistance if they are resistant heterozygotes.  Previous 
work by other authors has also suggested that seed mixtures may be less durable than blocks 
(Davis and Onstad 2000).   
 Although this scenario would appear to favor selection for the silking trait it is 
important to realize that this would only influence resistance evolution in response to Bt 
toxins.  For example, if a population of adult O. nubilalis’ composed of Silkers, were 
released into a transgenic maize field distributed as a seed mixture,  oviposited eggs would be 
randomly distributed, as O. nubilalis females are unable to distinguish between a refuge and 
Bt plants (Hellmich et al. 1999).  Since this is a population of Silkers, emerging neonates on 
either Bt or refuge plants would abandon their natal host plant.  Those leaving Bt plants may 
encounter a refuge plant and survive, but those on refuge plants may encounter a Bt plant and 
die.  This would result in a re-randomizing of neonates in the field as opposed to preferential 
dispersal from Bt plants, this would likely not influence resistance evolution.  In addition, if 
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neonates that are resistant heterozygous that are oviposited on a Bt plant, disperse and 
encounter a non Bt plant, they would likely be neutral in terms of resistant allele frequency.  
This is because resistant heterozygotes oviposited on non Bt plants and disperse would likely 
encounter a Bt plant and be exposed to a high dosage of toxin.  The distribution of resistant 
heterozygous individuals in the field is random, the same as in a scenario where neonates do 
not disperse (they are randomly oviposited on plants in the field).  Therefore, the random 
dispersal of resistant heterozygous would not influence resistant allele frequency in this 
hypothetical population.    
However, if the Silker phenotype were linked with the neonate response to the 
presence of Bt, then impacts on resistance evolution are likely.  This is because O. nubilalis 
neonates respond to the presence of Bt, and individuals on refuge plants would remain and 
those on Bt plants would leave.  Individuals leaving Bt plants may encounter a refuge plant 
and survive.  Although this does not purely select for the silking phenotype it may favor 
selection of more efficient dispersal or a quicker response to the presence of Bt toxins.  Davis 
and Onstad (2000) have also speculated that extensive use of seed mixtures could influence 
dispersal capabilities in O. nubilalis.  Genes influencing silking behaviors, such as foraging 
and slowmo, would likely be involved in this process.  Individuals that were oviposited on Bt 
plants and disperse to refuge plants could quicken resistance evolution if they carry 
resistance alleles and survive the initial exposure of Bt toxin.  
The findings presented here provide the basis for future research and raise further 
questions not investigated in these experiments.  The genetic differences isolated in our 
colonies were found immediately after egg deposition, the 0 hr time period.  There are two 
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possible explanations for the high expression seen at this time, (1) the developing embryo is 
exhibiting high levels of transcription of those genes at that time period, or (2) during egg 
development the female is imparting numerous mRNA to the embryo which is detected as 
high gene expression immediately after egg deposition.  This imparting of mRNA by 
females, known as the maternal effect, could be how the Silker trait is inherited.  In addition, 
females may be conferring a benefit to their offspring by donating mRNA.  Extensive 
transcription of genes for the Silker phenotype can be costly in terms of energy (ATP) and 
resources (nucleotides, transcription enzymes, etc.); through the maternal effect developing 
embryos can avoid this cost.  If this behavioral trait were not inherited through the maternal 
effect and neonates had to transcribe these genes themselves, then the Silker phenotype may 
have detrimental tradeoffs due to limited transcription of other essential genes.   
Although we found expression level differences in foraging and slowmo there are 
other known behavioral associated genes documented in O. nubilalis that could influence 
behavior.  Further investigation into possible genetic mechanisms involved with silking 
behavior will have to be undertaken to further clarify how this trait is controlled.  In addition, 
apart from differences at the genetic level, protein level differences should also be 
considered.  Previous studies with slowmo have demonstrated how point mutations can 
greatly influence the behavioral phenotypes exhibited by this gene (Carharn et al. 2003).  It is 
possible that protein level differences exist in our colonies and could influence plant 
abandonment via silking.  
 Selection for silking behavior in the field is another area that merits future research.  
Although our bioassay were conducted on entire maize plants this was done in a controlled 
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laboratory setting.  To completely elucidate silking behavior selection assays should also be 
conducted in the field.  In addition to on plant selection in the field, tests could be conducted 
to determine if selection for certain behaviors is present in different field strategies of Bt 
maize (blocks, strips, blends, ext.). Furthermore, comparisons of these different field 
strategies can be made when subjected to Silker and non-Silker populations of O. nubilalis.   
The results of our research provide a crucial stepping stone in understanding insect 
behavior and how it relates to the management of transgenic crops.  The evolution of 
behavioral traits, such as silking, have the potential to influence resistance evolution in insect 
pests and is an important variable to consider when constructing and employing management 
regimes.  This is the first study that has looked at silking behavior and neonate dispersal as a 
genetically influenced trait in O. nubilalis.  The data we have obtained contributes to the 
knowledge of 1
st
 instar behavior of the European corn borer, which is essential to ensure the 
effectiveness of Bt crops.  The successful result of on plant selection indicates that field 
populations could also change in dispersal from selective forces.  Previous modeling studies 
have taken into account insect dispersal and how it could influence resistance evolution 
(Davis and Onstad 2000) but insect dispersal changing as a result of selection has not been 
taken into account.  With this in mind the data from our study, which suggests the insect 
dispersal is an evolving trait, could be used to construct more accurate models of field 
resistance evolution and hence be used to determine the optimal strategy for preserving Bt 
crops.  Molecular analysis has provided essential insight into the genetic mechanisms of 
these behavioral traits and provides useful information for determining the interactions 



























































































































    June-July 
6/23/11–7/1/11 






15 743 38.00% ±3.0% 4.61% ±1.0% 
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Effect Value Exact F NumDF DenDF Prob>F 
Colony 1.43 32.87 1 23 <0.0001 
Generation 6.97 34.86 4 20 <0.0001 









   
Effects of plant establishment phenotype 
Effect Value Exact F NumDF DenDF Prob>F 
Colony 0.34 7.907 1 23 0.0099 
Generation 9.40 47.02 4 20 <0.0001 































































































Generation Difference Std Err Dif Lower CL Upper CL p-Value 
2
nd
 0.116 0.062 -0.010 0.243 0.070 
3
rd
 0.202 0.046 0.108 0.297 0.0002 
5
th
 0.194 0.048 0.096 0.293 0.0004 





Plant establishment  phenotype 
Generation Difference Std Err Dif Lower CL Upper CL p-Value 
2
nd
 0.019 0.068 -0.119 0.157 0.780 
3
rd
 0.028 0.049 -0.074 0.130 0.578 
5
th
 0.044 0.031 -0.019 0.107 0.161 
6
th
























































































































Effect Value Exact F NumDF DenDF Prob>F 
Colony 1.033 23.769 1 23 <0.0001 
Generation 1.937 9.684 4 20 0.0002 











   
Effects of plant establishment phenotype 
Effect Value Exact F NumDF DenDF Prob>F 
Colony 1.154 26.546 1 23 <0.0001 
Generation 6.250 31.250 4 20 <0.0001 































































































Generation Difference Std Err Dif Lower CL Upper CL p-Value 
2
nd
 0.171 0.136 -0.107 0.448 0.219 
3
rd
 0.240 0.094 0.045 0.435 0.018 
5
th
 0.246 0.067 0.108 0.384 0.001 





Plant establishment  phenotype 
Generation Difference Std Err Dif Lower CL Upper CL p-Value 
2
nd
 0.258 0.138 -0.023 0.539 0.071 
3
rd
 0.240 0.094 0.045 0.435 0.018 
5
th
 0.246 0.067 0.108 0.384 0.001 
6
th
  0.386 0.064 0.254 0.519 <0.0001 
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APPENDIX 7. NUMBER OF SUCCESSFULLY EMERGED NEONATES 
PLOTTED AGAINST PROPORTION SILKING AND PROPROTION 
REMAINING 


























































































































Parental 0.197 0.014 0.392 0.0002 
Silker 2
nd
 0.586 0.0002 0.047 0.387 
Silker 3
rd
 0.057 0.408 0.080 0.399 
Silker 5
th
 0.0006 0.933 0.219 0.079 
Silker 6
th




















0.099 0.254 0.018 0.637 
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APPENDIX 9. EXPRESSION PROGILE FIGURES  
Individual expression profiles foraging gene for three trials used in experiment. Data 




APPENDIX 9. (continued) 
Individual expression profiles slowmo gene for three trials used in experiment. Data 



































































   
Source Nparm DF DFDEN F Ratio Prob>F 
Colony 2 2 142 4.82 0.0095 
Time 5 5 142 6.05 <0.0001 
Time*Colony 10 10 142 7.43 <0.0001 
 
Slowmo gene expression 
Source Nparm DF DFDEN F Ratio Prob>F 
Colony 2 2 142 30.29 <0.0001 
Time 5 5 142 24.95 <0.0001 
Time*Colony 10 10 142 42.72 <0.0001 
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APPENDIX 11. TUKEY DATA ANALYSIS OF EXPRESSION DATA 
LS Means Differences Tukey HSD foraging gene 
Level Least Square Mean 
Levels not connected by same 
letter are significantly different 
0 hr Silker 0.00427 A 
24 hr Silker 0.000253 B 
48 hr Silker 0.000720 B 
72 hr Silker 0.000429 B 
96 hr Silker 0.0000194 B 
Instar Silker 0.0000123 B 
0 hr non-Silker 0.00000927 B 
24 hr non-Silker 0.000155 B 
48 hr non-Silker 0.00116 B 
72 hr non-Silker 0.000162 B 
96 hr non-Silker 0.0000627 B 
Instar non-Silker 0.00000689 B 
0hr lab 0.000185 B 
24 hr lab 0.00110 B 
48 hr lab 0.00148 B 
72 hr lab 0.000559 B 
96 hr lab 0.000569 B 
Instar lab 0.000210 B 
   
LS Means Differences Tukey HSD slowmo gene 
Level Least Square Mean 
Levels not connected by same 
letter are significantly different 
0 hr Silker 0.0898 A 
24 hr Silker 0.00000447 E 
48 hr Silker 0.0178 B C D 
72 hr Silker 0.0148 B C D E 
96 hr Silker 0.00446 C D E 
Instar Silker 0.00392 C D E 
0 hr non-Silker 0.000978 D E 
24 hr non-Silker 0.0181 B C 
48 hr non-Silker 0.0121 B C D E 
72 hr non-Silker 0.00561 C D E 
96 hr non-Silker 0.00306 C D E 
Instar non-Silker 0.00781 B C  D E 
0hr lab 0.00155 C D E 
24 hr lab 0.00838 B C D E 
48 hr lab 0.0236 B 
72 hr lab 0.00624 C D E 
96 hr lab 0.00643 C D E 
Instar lab 0.0111 B C D E 
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APPENDIX 12. EXAMPLE AND PLOTS OF VARIABLES 
INVESTIGATED USING BEHAVIORAL TRACKING SOFTWARE 
(ETHOVISION) 
Example of EthoVision trial, red line indicates path taken by neonate during 20 minute 
recording. Ruler at bottom of screen used to calibrate trial.  
 
Columns not connected by same letter indicate statistically significant differences based on 
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